Toxoplasma gondii parasites gain entry into host cells through a process that depends on apically stored adhesins that are strategically released during invasion. One of these adhesins, microneme protein 2 (MIC2), is a type one transmembrane protein that binds to an accessory protein known as MIC2-associated protein (M2AP). Together the MIC2⅐M2AP complex participates in host cell attachment and invasion. The short cytoplasmic Cdomain of MIC2 is implicated in protein trafficking and mediating an association with the parasite cytoskeleton. To define the role of the cytoplasmic domain of MIC2, proteins lacking the C-domain were expressed in transgenic T. gondii. Surprisingly, protein trafficking and secretion were not affected. We hypothesized that mutant mic2 lacking the C-domain might be escorted to the micronemes by association with endogenous wild-type MIC2 possessing functional transmembrane and cytoplasmic domains. To investigate this interaction, native blue gels and gel filtration were employed to identify a stable macromolecular MIC2⅐M2AP complex of ϳ450 kDa. Our findings reveal that MIC2 and M2AP proteins form stable hexamers consisting of three ␣␤ dimers. Resolution of this complex has implications for how MIC2⅐M2AP associates with host cell receptors and the cytoskeleton to facilitate parasite motility and invasion.
Toxoplasma gondii parasites gain entry into host cells through a process that depends on apically stored adhesins that are strategically released during invasion. One of these adhesins, microneme protein 2 (MIC2), is a type one transmembrane protein that binds to an accessory protein known as MIC2-associated protein (M2AP). Together the MIC2⅐M2AP complex participates in host cell attachment and invasion. The short cytoplasmic Cdomain of MIC2 is implicated in protein trafficking and mediating an association with the parasite cytoskeleton. To define the role of the cytoplasmic domain of MIC2, proteins lacking the C-domain were expressed in transgenic T. gondii. Surprisingly, protein trafficking and secretion were not affected. We hypothesized that mutant mic2 lacking the C-domain might be escorted to the micronemes by association with endogenous wild-type MIC2 possessing functional transmembrane and cytoplasmic domains. To investigate this interaction, native blue gels and gel filtration were employed to identify a stable macromolecular MIC2⅐M2AP complex of ϳ450 kDa. Our findings reveal that MIC2 and M2AP proteins form stable hexamers consisting of three ␣␤ dimers. Resolution of this complex has implications for how MIC2⅐M2AP associates with host cell receptors and the cytoskeleton to facilitate parasite motility and invasion.
Apicomplexan parasites actively gain entry into host cells by a unique mechanism that depends on the cohesive interaction of cytoskeletal proteins and surface adhesins (1) . Host cell invasion is fundamental to diseases caused by this phylum of pathogenic organisms that includes Plasmodium falciparum, the etiological agent of severe malaria and Toxoplasma gondii, the causative agent of toxoplasmosis. Tachyzoites (Toxoplasma) and sporozoites (Plasmodium) employ similar adhesins for active entry into host cells. These adhesins define a family of thrombospondin-related anonymous proteins (TRAPs) 1 (2, 3) . TRAP family members are type 1 transmembrane proteins that are comprised of adhesive N-terminal domains that harbor integrin-like A-domains and at least one thrombospondin like domain and a short C-terminal cytoplasmic domain (C-domain) (2, 3) . Toxoplasma gondii contains a single TRAP family member called MIC2, which is expressed by all of the invasive stages of the parasite. MIC2 is stored in the apically located microneme secretory organelles. Following host cell contact, microneme vesicles fuse with the proximal plasma membrane depositing MIC2 on the surface of the parasite (4 -6) . Images of T. gondii captured at various stages of invasion indicate that MIC2 is translocated to the posterior end of the parasite during the rapid process of entry (7) . Ultimately, MIC2 is removed from the parasite surface by a protease that cleaves the MIC2 protein within the transmembrane domain (8, 9) . Amino acids within and just external to the transmembrane domain are implicated in this processing event (9, 10) . Recently, a Drosophila rhomboid protease was found to cleave a chimeric substrate containing the MIC2 transmembrane domain suggesting that a parasite-derived rhomboid might serve this function in vivo (11) . A second micronemal protein, M2AP, is known to facilitate the transport of MIC2 through the secretory network (12, 13) . Mutant parasites that do not express M2AP (⌬m2ap) have a defect in parasite invasion presumably the consequence of insufficient transport of MIC2 to the micronemes (12) .
The type 1 transmembrane topology of the MIC2 protein predicts that the short C-domain is exposed to the parasite cytoplasm (i) during trafficking through the secretory network, (ii) on the surface of microneme membranes in resting parasites, and (iii) along the parasite plasma membrane during host cell invasion. Two short amino acid sequences within the cytoplasmic domain of MIC2 have been shown to be sufficient to target a chimeric construct of the surface antigen SAG1 to the micronemes (14) . Furthermore, a penultimate tryptophan within TRAP family members is required for efficient association with the parasites actin cytoskeleton (15) . Plasmodium sporozoites expressing TRAP proteins lacking the cytoplasmic domain or tryptophan residue exhibit deficient motility and are unable to invade host cells (16) . Recently biochemical evidence for an indirect association with the cytoskeleton via the actin binding protein aldolase has been demonstrated in Toxoplasma (15) and Plasmodium (17) . Despite significant gains made in defining a role for the cytoplasmic domain of MIC2 using chimeric proteins expressed in vitro, the function of this domain within the native MIC2 is still unresolved.
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MATERIALS AND METHODS

Growth of Host Cells and Toxoplasma Strains-T. gondii tachyzoites of the RH, RH hxgprt
Ϫ , and RH ⌬m2ap Ϫ strains were maintained by growth in monolayers of human foreskin fibrobasts, propagated in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum, 2 mM glutamine, 20 mM HEPES, pH 7.5, and 20 g ml Ϫ1 gentamicin (referred to as complete medium).
Cloning of mut⌬C-Previously described epitope-tagged MIC2 expression plasmids served as the template DNA for PCR mutagenesis designed to remove the cytoplasmic domain encoding region of the MIC2 protein (10, 18) . A DNA fragment spanning 862 bp was amplified using a 5Ј primer containing an internal BglII restriction site: 5Ј-CCTGGGACAGATCTACGAC-3Ј and a 3Ј primer encoding a C-terminal HA9 epitope and containing a PacI restriction site: 5ЈGGGTTAATTA-ACTACGCGTAATCTGGGACGTCGTATGGGTAATAGTAGTGGTAA-CTGGCTCC-3Ј. The PCR product was purified (Qiagen, Valencia, CA), digested with BglII and PacI (New England BioLabs, Beverly, MA), and subcloned into a BglII-PacI-digested MIC2 expression plasmid (10, 18) . The c-Myc epitope was introduced to the MIC2⌬CHA9 sequence to complete the mut⌬C construct by swapping DNA segments from the MIC2-TAG plasmid described previously (10) .
Promoterless constructs were obtained by digesting all vectors with NotI and StuI removing a 1989-bp fragment from the expression vectors containing the MIC2 promoter and the first 489 nucleotides of the MIC2 gene. The sticky ends were filled in with Klenow fragment of DNA polymerase and the plasmids were ligated to yield the plasmids MIC2-TAG-P Ϫ and mut⌬C-P Ϫ .
Transfection of T. gondii-RH strain hxgprt
Ϫ tachyzoites (obtained from David Roos, University of Pennsylvania) were transfected by electroporation as described previously (18) . Transfected parasites were incubated with host cells in the presence of complete medium containing 25 g ml Ϫ1 mycophenolic acid (Sigma) and 50 g ml Ϫ1 xanthine (Sigma).
Immunoblotting and Antibodies-Proteins were subjected to SDS-PAGE and immunoblotting using peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA) and SuperSignal West Pico chemiluminescent substrate (Pierce). Polyclonal rabbit anti-MIC5 and rabbit anti-M2AP antibodies were kindly provided by Dr. Vern Carruthers (Johns Hopkins University, Baltimore, MD). The c-Myc 9E10 monoclonal antibody and polyclonal rabbit anti-HA9 antisera was purchased from Zymed Laboratories Inc. (San Francisco, CA). Polyclonal rabbit anti-human ferritin was purchased from Sigma. Polyclonal rabbit anti-C-domain antibody was produced by immunization of a rabbit with a construct consisting of the C-domain of MIC2 (residues 721-769) fused to the viral gene g10 as described previously (8) . The MIC2-specific 6D10 monoclonal antibody was described previously (3). Polyclonal goat anti-rabbit aldolase and monoclonal control antibodies specific for human citrate synthase were purchased from Chemicon International (Temecula, CA). Polyclonal rabbit anti-pyruvate kinase was a gift of Takashi Asai (Keio University, Tokyo, Japan). Polyclonal rabbit anti-thyroglobulin was taken from rabbits immunized with thyroglobulin-conjugated peptides (Cocalico Biologicals, Inc., Reamstown, PA).
Immunoprecipitation-Thirty l of polyclonal rabbit anti-C-domain, preimmune rabbit sera, anti-c-Myc, or monoclonal antibody control (anti-human citrate synthase) was added to 40 l of rec-protein Acoated Sepharose beads in 200 l of PBS (Zymed Laboratories Inc., San Francisco, CA). Following a 2-h incubation at 4°C, antibody coated beads were washed twice with fresh PBS and once with gel filtration buffer, 140 mM KCl, 20 mM HEPES, pH 7.5, 1 mM MgCl 2 (GF buffer). 1 ϫ 10 8 mut⌬C parasites were suspended in GF buffer and disrupted by sonication delivered in three consecutive bursts of 15-s intervals on setting number 3 (550 Sonic Dismembrator equipped with microtip: Fisher Scientific). Insoluble material was removed by microcentrifugation (16,000 rcf, 15 min, 4°C). Soluble lysate was added to the washed beads and incubated at 4°C for 2 h. Beads were washed five times with GF-buffer and the protein-coated beads were dissolved in 100 l of protein sample buffer (19) . Proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting with antibodies specific for MIC2, c-Myc, HA9, or the C-domain.
Secretion Assay-Freshly isolated MIC2-TAG or mut⌬C tachyzoites (1 ϫ 10 7 parasites) were suspended in 100 l of Hanks' balanced salt solution, 10 mM HEPES, 0.1 mM EGTA in 1.5 ml of polypropylene microcentrifuge tubes, and exposed to 1% ethanol and 37°C for 10 min. Cells were pelleted by centrifugation (10 min, 1000 rcf, 10°C), and the cell pellet was resuspended in 1ϫ protein sample buffer. Supernatants were centrifuged (10 min, 1000 rcf, 10°C), and 80 l of the second supernatant was added to 20 l of 5ϫ protein sample buffer. Proteins were subjected to SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting with antibodies specific for MIC2, c-Myc, or HA9.
Indirect Immunofluorescence Microscopy-To localize epitope-tagged MIC2 within intracellular parasites, transgenic T. gondii were inoculated onto host cell monolayers on coverslips, grown overnight, and processed for immunofluorescence. Cells were fixed in 3.7% paraformaldehyde for 15 min, washed in PBS-Ca 2ϩ , blocked with 5% fetal bovine serum for 20 min, and permeabilized with 0.25% Triton X-100. Coverslips were incubated with antibodies specific for c-Myc and MIC5 for 1 h. After four washes in PBS, secondary antibodies conjugated to Alexa 488 (green) or Alexa 594 (red) (Molecular Probes, Eugene, OR) were added for 45 min. Coverslips were rinsed and mounted in Vectashield containing 4Ј,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA). Cells were examined using a Zeiss Axioplan (Carl Zeiss, Inc., New York) microscope equipped with phase contrast and epifluorescence optics. Images were obtained using a Zeiss Axiocamcooled CCD camera directed by Zeiss Axiovision software, version 3.0 including a deconvolution package and processed using Adobe Photoshop 5.0 (Adobe Systems, San Jose, CA). The results shown are representative of three or more similar experiments.
Electron Microscopy-For immunolocalization at the electron microscopy level, infected cells were fixed in 4% paraformaldehyde, 0.5% glutaraldehyde (Polysciences Inc., Warrington, PA) in 100 mM PIPES, 0.5 mM MgCl 2 , pH 7.2, for 1 h at 4°C. Samples were then embedded in 10% gelatin and infiltrated overnight with 2.3 M sucrose, 20% polyvinyl pyrrolidone in PIPES, MgCl 2 at 4°C. Samples were trimmed, frozen in liquid nitrogen, and sectioned with a Leica Ultracut UCT cryo-ultramicrotome (Leica Microsystems Inc., Bannockburn, IL). Sections were probed with rabbit anti-HA followed by 18 nm colloidal gold conjugated goat anti-rabbit antibody (Jackson ImmunoResearch). Parallel controls omitting the primary antibody were consistently negative at the concentration of colloidal gold conjugated secondary antibodies used in these studies. Sections were stained with 0.3% uranyl acetate, 2% methyl cellulose and viewed on a JEOL 1200EX transmission electron microscope (JEOL USA Inc., Peabody, MA).
Native Blue Gels (NBG)-NBG were employed to obtain protein size estimates. Briefly, purified tachyzoites (1 ϫ 10 7 ) or parasite-derived supernantant from a secretion assay (see secretion assay above) were brought to a final volume of 100 l in 1ϫ NB sample buffer (0.5% Coomassie Brilliant Blue G-250, 50 mM 6-aminocaproic acid, 10 mM BisTris/HCl, pH 7.0, 3% sucrose). Protein samples were cycled through three rounds of freezing and thawing to disrupt any intact parasites. Samples were then analyzed by 5, 8, or 5-13% gradient blue native-PAGE (20, 21) . Initial electrophoresis conditions include 1X cathode buffer with dye (50 mM Tricine, 15 mM BisTris, and 0.01% Coomassie Brilliant Blue G-250) and 1ϫ anode buffer (50 mM BisTris/HCl, pH 7.0). After 1 h at 100 volts, the cathode buffer was exchanged for the same buffer without the Coomassie dye. Protein markers for the NBGs were obtained as a high molecular weight calibration kit for native electrophoresis purchased from Amersham Biosciences (Little Chalfont Buckinghamshire, UK). Western blotting the NBGs was the same as described above with the additional step of soaking the gel in SDS-PAGE buffer for 10 min prior to wet transfer (25 mM Tris base, 200 mM glycine, and 0.1% SDS). The migration distance of protein standards were determined and plotted against the log of their respective molecular weight. Linear regression from these data provided estimates for the molecular weight of the MIC2, mut⌬C, MIC2⅐M2AP full-length, and secreted complexes.
Flow Cytometry-Transfected parasites were isolated from host cell monolayers and stained with epitope tag-specific antibodies. The parasite population was analyzed by flow cytometry to determine the relative frequency of recombinants. Cell suspensions (1 ϫ 10 7 ml Ϫ1 ) were fixed in 3.7% paraformaldehyde for 15 min, washed in PBS, and blocked with 10% FBS, and 0.02% saponin for 20 min. Parasites were stained with the epitope tag-specific antibodies, c-Myc and HA9, for 1 h. After three washes in PBS, secondary antibodies conjugated to Alexa 488 (FL1) or 594 (FL2) (Molecular Probes) were added for 1 h. After staining, cells were washed in PBS and 1 ϫ 10 5 cells were analyzed using a FACscan flow cytometer (Becton Dickinson Immunocytometry Sys-tems, San Jose, CA). Data were analyzed using Cell Quest software (Becton Dickinson Immunocytometry Systems). Parasites were washed in a PBS-buffered solution containing 0.01% saponin by centrifugation in a 5417R Eppendorf centrifuge with A-8 -11 rotor (Eppendorf, Hamburg, Germany) at 800 rcf for 2 min, 20°C.
Gel Filtration-Extracellular tachyzoites were suspended in GF buffer and disrupted by sonication as described above. Insoluble material was removed by microcentrifugation (16,000 rcf, 15 min, 4°C). 600 l of parasite lysate supplemented with 200 g of human liver ferritin (Research Diagnostics, Inc., Flanders, NJ) and 200 g of thyroglobulin (Sigma) was added to a 1-meter-long 1.5-cm inner diameter column (Bio-Rad) containing Sepharose 6B (Sigma). One-ml factions were collected and analyzed by Western blot (see above description of antibodies used). The peak fractions harboring the proteins thyroglobulin (669 kDa), ferritin (440 kDa), pyruvate kinase (240 kDa), and aldolase (158 kDa) and MIC2⅐M2AP were identified and plotted against the log of their respective molecular weight. Linear regression from these data provided estimates for the molecular weight of the MIC2 and MIC2⅐M2AP complexes. Peak fractions harboring the MIC2 or MIC2⅐M2AP complexes were determined by phosphorimage analysis of Western blots on a Fujifilm FLA-5000 (Fujifilm Medical Systems Inc., Stamford, CT) directed by Image Reader FLA-5000 V2.0 and quantified in Image Gauge V4.0 (Fuji Photofilm Co. LTD).
RESULTS
The Cytoplasmic Domain of MIC2 Is Not Required for Correct Localization and Secretion of Mutant Proteins Expressed as
FIG. 1. Mut⌬C is localized to the micronemes.
A, tachyzoites expressing epitope-tagged, wild-type MIC2 (MIC2-TAG) and C-domain minus MIC2 (mut⌬C) proteins colocalized with the MIC5. Epitope-tagged MIC2 proteins were visualized using mouse anti-c-Myc (␣ c-myc) and goat anti-mouse conjugated to Alexa 488 (green). MIC5 was localized using rabbit anti-MIC5 (␣ MIC5), and goat anti-rabbit conjugated to Alexa 594 (red). 4Ј,6-Diamidino-2-phenylindole (DAPI) was used to stain the nuclei. Images were deconvolved using a nearest-neighbor algorithm for processing. B, parasites expressing MIC2-TAG and mut⌬C localized to the micronemes by cryoimmunoelectron microscopy. Epitope-tagged MIC2 was localized using rabbit anti-HA9 and goat anti-rabbit conjugated to 18-nm gold particles. Scale bars, 200 nm.
Pseudodiploid Transgenes-The C-domain of TRAP family members is involved in association with the cytoskeleton of the parasite (15, 17) . To better ascertain the significance of this interaction, a mutant mic2 protein lacking the C-domain was expressed as an epitope-tagged transgene in parasites that also contained wild-type MIC2. Mut⌬C was localized to the apical region of the parasite as demonstrated by its colocalization with microneme protein five (MIC5) (Fig. 1A) (22) . To ensure that the apical pattern of mut⌬C was due to localization within micronemes and not another apical vesicle, cryoimmunoelectron microscopy was employed. Immunogold labeling of epitope-tagged mic2 proteins was restricted to the apical microneme vesicles as determined by electron microscopy (Fig. 1B) .
The contents of the parasite micronemes are released during recognition of a suitable host cell as a result of membrane fusion of the microneme vesicles with the parasite plasma membrane (5). Secretion can be artificially induced in the absence of host cells using agonists, and the amount of secreted proteins can be assessed by quantitative SDS-PAGE and immunoblotting (4, 6). Following induced secretion, mut⌬C was secreted at comparable levels to endogenous MIC2 and epitopetagged control MIC2 proteins (Fig. 2) . The secreted MIC2 proteins were missing their extreme C termini as shown by the absence of the HA9 epitope (Fig. 2) . Expression of mut⌬CA as a pseudodiploid transgene had no discernable effect on parasite motility or invasion when tested as previously described (7, 10) (data not shown).
The MIC2 Protein Forms Multimeric Complexes-Protein complexes are implicated in the correct targeting of soluble microneme proteins (13, 23, 24) . To test whether mut⌬C was capable of associating with endogenous MIC2, the full-length MIC2 protein was immunoprecipitated with antisera specific to the cytoplasmic domain. Cosedimenting proteins were resolved by SDS-PAGE and analyzed by Western blot. The association of mut⌬C was confirmed by detection of the c-Myc tagged protein (Fig. 3A) . Mut⌬C was not immunoprecipitated with the prebleed control sera (Fig. 3A) . Conversely, when the mut⌬C protein was immunoprecipitated with antisera specific for the c-Myc epitope, endogenous MIC2 was detected using antisera specific to the C-domain (Fig. 3B) . Control sera failed to immunoprecipitate endogenous MIC2 (Fig. 3B) . These results indicate that MIC2 forms multimers that also contain the mut⌬C form of the protein.
MIC2 and M2AP Form a Complex of ϳ450
Kilodaltons-The approximate size of the MIC2⅐M2AP complex was determined by relative migration in NBGs (20, 21) . Parasite associated MIC2⅐M2AP complex migrated with the 440-kDa marker of the native protein standards (Fig. 4A, Table I ), while secreted MIC2⅐M2AP, lacking the cytoplasmic and transmembrane domains, was ϳ392 kDa (Fig. 4A, Table I ). Additional M2AP reactive bands found at the top and the bottom of the gel likely represent insoluble protein that failed to migrate into the gel and degradation products, respectively. To determine the role of the M2AP protein in complex formation, protein lysates generated from ⌬m2ap parasites were compared with the wildtype RH strain. The MIC2 protein derived from ⌬m2ap parasites migrated at a distinct band of 335 kDa (Fig. 4B, Table I ). To ensure that mut⌬C was also contained within the larger complex, protein lysates generated from transgenic parasites were compared with lysates from wild-type parasites. The mut⌬C protein migrated similar to wild-type MIC2 in the NBGs (Fig. 4B, Table I ), indicating that it was complexed with the native protein.
To further investigate the size of MIC2⅐M2AP complexes, gel filtration on Sepharose 6B was employed. Western blot analysis of collected fractions revealed that MIC2⅐M2AP eluted in peak fractions corresponding to a size range of 465-450 kDa (Fig. 5A, Table I ). Protein lysates derived from ⌬m2ap revealed that MIC2 alone formed complexes that eluted in peak fractions corresponding to 330 kDa (Fig. 5B, Table I ). To compare the relative migration of MIC2⅐M2AP and MIC2 alone, the distribution of these complexes was plotted relative to the ferritin marker as shown graphically in Fig. 5C .
The Cytoplasmic Domain of MIC2 Is Essential for Survival-As there was no apparent phenotype associated with mut⌬C when expressed as a pseudodiploid, the replacement of endogenous MIC2 with mut⌬C was attempted. Promoterless plasmids were designed to allow for specific integration at the MIC2 locus. The presence of two epitope tags, c-Myc upstream of the transmembrane domain and HA9 at the end of the C-domain, allowed us to evaluate proper insertion of the constructs by screening for the simultaneous expression of both epitopes. Parasites were transfected with plasmids, passaged through host cell monolayers under selection, harvested, stained with antibodies to c-Myc and HA9, and analyzed by flow cytometry. Parasites expressing the mut⌬C were not recovered by day 10, whereas those expressing wild-type, epitopetagged MIC2 (double positive) were observed at a frequency of ϳ10-fold over background (Fig. 6A) . No difference was observed in the recovery of parasites at day 2 indicating equivalent transfection efficiency of all constructs (Fig. 6B) . To ensure that mut⌬C parasites would not emerge at a later time point, parasites were harvested at day 20 and again found to contain only the wild-type, epitope-tagged MIC2 sequence (Fig. 6B) . Cumulatively, these data indicate that replacement of the wild-type gene with mut⌬C was deleterious, suggesting an essential role for this domain in parasite invasion.
DISCUSSION
The micronemes of apicomplexan parasites harbor a family of proteins that contain various conserved adhesive domains (25) . Micronemal proteins are released apically by a calciummediated process that is up-regulated on cell binding (4, 6) . Several of the released micronemal proteins span the plasma membrane of the parasite where they are able to transmit signals to the cytosol (2, 3, 23, 24) . The cytoplasmic domain of the MIC2 facilitates association with the cytoskeleton of the parasite thus completing a physical bridge between the host cell receptor and the actin-myosin machinery of the parasite (15) . In addition, the cytoplasmic domain contains two targeting motifs responsible for the correct localization of the MIC2 protein to the micronemes (14) . To determine the function of this short acidic protein domain in vivo, parasites expressing mut⌬C that lacks this domain were analyzed. Surprisingly, no defect in protein localization and secretion was observed in pseudodiploid parasites that also expressed wild-type MIC2. Furthermore, no phenotype was observed in parasite motility, attachment, and invasion, indicating that mut⌬C does not have a dominant negative phenotype. The appropriate compartmentalization of the mut⌬C protein was particularly surprising as previously published reports indicated that this domain was required for the localization of MIC2 to the micronemes (14) .
The majority of micronemal proteins characterized to date form complexes that are important for proper cellular trafficking and secretion (13, 23, 24, 26) . For example, soluble microneme proteins such as MIC1 and MIC4 require interaction with the membrane bound protein MIC6 to ensure proper targeting to the micronemes (24) . Additionally, the nonmembrane micronemal protein M2AP provides a stabilizing influence on the complex formed with MIC2, and this interaction is important for targeting to the micronemes (12) . The proper secretion of the mut⌬C form of MIC2 suggested a higher order complex may be responsible for its correct sorting. Our findings demonstrate that endogenous MIC2 and mut⌬C associate in a mulitmeric complex. It is likely that this interaction results in proper targeting of mut⌬C via the previously described residues in the C-domain of the wild-type protein (14) . Additionally, it is possible that residues in the extracellular domains of MIC2 may contribute to protein targeting.
MIC2 and M2AP form a 1:1 complex that does not contain any additional subunits, as demonstrated by metabolic labeling and quantitative immunoprecipitation (13) . Our findings indicate that MIC2 and M2AP assemble into a complex of ϳ440 -460 kDa. Given the observed sizes of MIC2 and M2AP on SDS-PAGE of 113 kDa and 40 kDa, respectively, we propose that the MIC2⅐M2AP complexes consist of hexamers comprised of three ␣␤ dimers. The predicted size of this hexamer would be 459 kDa ((3 MIC2 ϫ 113 kDa) ϩ (3 M2AP x 40 kDa) ϭ 459 kDa), which compares favorably to the observed size of 457 kDa. Furthermore, the observed size of the MIC2 multimer that is found in the ⌬m2ap strain was 330 kDa, suggesting it forms a trimer (3 MIC2 ϫ 113 kDa ϭ 339 kDa). Collectively, these findings predict that MIC2 undergoes intramolecular association leading to trimerization and that M2AP interacts with this complex in a 1:1 ratio. These findings also indicate that previous studies describing the instability of MIC2 in the absence of M2AP (12) may not be due to misfolding. Rather, in the absence of M2AP, MIC2 appears to trimerize correctly but does not target efficiently to the micronemes and as a consequence undergoes degradation. Previously published findings in Plasmodium indicate that sporozoites lacking the C-domain in TRAP are nonmotile and noninvasive (16) . Immobility of sporozoites expressing a Cdomain mutant of TRAP was hypothesized to be the result of breaking an association with the cytoskeleton of the parasite (15, 16) . Biochemical evidence that the cytoplasmic domain of MIC2 and TRAP associate with actin through specific binding to the glycolytic enzyme aldolase validated this hypothesis (15, 17) . Additionally, the C-domains of these proteins are functionally interchangeable, arguing that they fulfill a conserved function (16) .
To evaluate the function of the C-domain of MIC2, an allelic replacement was attempted using the mut⌬C construct. While parasites expressing the epitope-tagged wild-type MIC2 were easily obtained, it was not possible to recover recombinant parasites lacking the C-domain. Consequently, the C-domain of MIC2, like that of TRAP, is essential for parasite survival. Based on previously published studies, it is likely that mut⌬C expressing parasites would be unable to make appropriate bridges between the MIC2 adhesive domains and the cytoskeleton of the parasite (15, 16) . Parasites harboring such a mutation are predicted to be unable to reinvade new host cells, and as a consequence would not survive. While we were not able to recover sufficient numbers of mut⌬C parasites to evaluate cellular phenotypes, the flow cytometry assay described here provides a highly quantitative method for estimating the survival of mutants with potentially severe phenotypes in T. gondii.
The MIC2⅐M2AP complex is implicated in motility and invasion of T. gondii (12, 27) . The MIC2⅐M2AP complex is apically secreted to participate in host cell binding and the retrograde translocation of this complex gives rise to invasion (7, 10, 12) . Cleavage by a surface protease removes the MIC2⅐M2AP adhesin complex from the parasite surface, allowing the parasite to complete invasion (8 mutation of residues just outside the transmembrane domain leads to increased attachment, but decreased entry, indicating that completion of proteolytic processing is essential for efficient entry (10) .
One of the predictions of the surface adhesin-translocation model of apicomplexan motility is that extracellular domains of the adhesins must bind to the substrate or host cell receptors to generate traction for forward movement. The interaction of Toxoplasma with host cells involves recognition of glycosaminoglycans (27) . Full-length MIC2 associates with host cells (8) and recent studies reveal that the A domain of MIC2 mediates binding to heparin, a process that requires multimerization (28) . The C-domain of MIC2 has also been shown to be important for linking to the actin cytoskeleton of the parasite (15) . Our studies reveal that MIC2⅐M2AP is a hexamer comprised of three ␣␤ dimers rather than a simple dimer suspected previously. Oligomerization is often critical for enhancing affinity, clustering receptors to induce signaling, and cross-linking different components within receptor complexes. Similarly, the multimeric nature of the MIC2⅐M2AP complex may be important for cooperative binding to enhance cell recognition and facilitate entry. Hence, the finding that MIC2 and M2AP form a hexameric complex has important implications for the design and execution of future studies regarding apicomplexan parasite motility, attachment, and invasion. FIG. 6 . The MIC2 cytoplasmic domain is essential for parasite survival. A, parasites were transfected with plasmids for epitope-tagged, wild-type MIC2 (MIC2-TAG) and C-domain minus (mut⌬C) that were expressed as pseudodiploids. Promoterless derivatives of these plasmids (MIC2-TAG-P Ϫ and mut⌬C-P Ϫ , respectively) were tested to evaluate the effects of gene replacement. Ten days after transfection and drug selection, 100,000 tachyzoites were analyzed for the presence of c-Myc (FL1-H) and HA9 (FL2-H) (double positive events in the upper right quadrant). Nontransfected parasites are shown in the control panel. B, graphical representation of the data from A showing the frequency of double positive parasites transfected with promoterless plasmids over time (x axis). The number of double positive parasites for each day was compared with the number of events observed in the negative control (fold increase over control, y axis). The black line and diamonds represent MIC2-TAG-P Ϫ transfected parasites, while the gray line and squares represent mut⌬C-P Ϫ transfected parasites.
